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H4-VLE beam momentum resolution was measured to be 2.5%, taken from this paper.

Affects the measured momentum PEEC of an individual particle.

Pfﬁsct" used to calculate KE[ne/.fo and KE,’ﬁfo, which are used in the cross section measurement.

To evaluate systematic, vary Pi¢2° in MC by £2.5%, then rerun analysis.


https://journals.aps.org/prab/pdf/10.1103/PhysRevAccelBeams.22.061003
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Beam momentum uncertainty has largest impact in the highest energy bins, except for pip

for abs and cex, uncertainty in lowest energy bins is also the largest



Track length

> track length of the beam particle I*° is used to
determine KE°° 39007 10 error region double crystal ball
in N

— fit Ppo: 3.3e+03+42
X observed p1: —0.00023  0.00013
p2: 0.011%0.00016
p3: 1.1£0.027

> resolution of track length determined using MC 30007

Ps: 1.7 £0.024
> for each beam particle which passes the beam 2500~ 3820
particle selection, calculate: 2000
[reco _ [true é 1
- - ) 8 1500-
[reco
1000 -
> Double crystal ball function fitted to 6
distribution, FWHM is taken to be the beam 500 -
resolution
0.
> calculated to be 0.026 (2.6%) ~04 ~0.2 00 0.2 04

> evaluate track length systematic the same way
as beam resolution



Plots
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absorption charge exchange

KE (MeV) Total Datastat Tracklengthlow  Track length high KE (MeV) Total Datastat Track lengthlow  Track length high
1375 017 017 0.01 0.03 1375 019 016 011 0.00
1525 024 022 0.07 0.06 1525 013 ol 0.03 0.06
1675 025 022 013 0.00 1675 018 012 013 0.00
1825 116 108 0.00 041 1825 048 034 0.33 0.00
average 046 042 0.05 013 average 024 018 0.15 0.01
single pion production pion production
KE (MeV) Total Datastat Track lengthlow  Track length high KE (MeV) Total Datastat Tracklengthlow Track length high
1375 016 012 0.00 010 1375 012 on 0.00 0.04
1525 010 0.07 0.04 0.05 1525 008 005 0.04 0.04
1675 008 007 0.04 0.01 1675 008 004 0.07 0.00
1825 016 016 0.01 0.01 1825 007 005 0.05 0.00
average 012 0.10 0.02 0.05 average 009 006 0.04 0.02
. €
fractional error = ——— (©)]
xsnominal

Compared to Pi7&P resolution, ['*°° systematic is less significant.

PiEe? is used for reweighting MC, KEjpi and KEjyt, so affects much more of the analysis vs /°.



MC is used for background subtraction and unfolding
background subtraction and unfolding use number of interactions in energy slices, Njy;

Nt distribution will depend on Geant4 cross section as a function of KE, which have a 20% theory
uncertainty.

to propagate theory uncertainty use toy MC method:

Generate toy data

Generate toy MC, smear N, distribution by +£20%
run analysis, calculate cross sections

repeat step 2 and 3 N times

Calculate covariance of the central values, propagated theory uncertainties are the square root of the
diagonal elements

apply to measurement with PDSP Data

this systematic does not affect the fit, as the total number of events doesn't change, instead systematic
due to model inaccuracy should be evaluated (method already discussed here)


https://indico.fnal.gov/event/63756/contributions/286352/attachments/176142/239202/fit_cross_checks.pdf

Pandora struggles to reconstruct low energy
PDSP 2GeV MC, Cheated beam pions
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- -
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information 0.2- .
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reconstructed PFOs backtracked to a n 00 R 10 1o b0 2%0 300 o 400
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Jake observed similar effect in 1GeV pions,
selected true 7+ only if starting KE > 65 MeV.



true process

Without true 7+ KE limit With true 7= KE limit
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> pip background in each region has reduced a little.
> spip background not really affected in the abs region
> more true pip and spip events are classified as abs and cex instead, hence the increased statistics in

these true processes

10

column normalised counts



Without true 7+ KE limit With true 7+ KE limit
Habs Hcex Hspip Hpip Habs Hcex Hspip Hpip
09+£0.2 10402 0.67+£0.08 116+£0.05 09+02 10+£01 0.71£0.07 116+£0.06

Change in the fitted results is minimal
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accounting for low energy =+ reconstruction efficiency when defining true processes slightly improves
the appearance of the confusion matrix

pip background reduces overall, but only slightly

low energy 7w+ reconstruction efficiency does not account for the spip background in the abs region

must be other reconstruction inefficiencies unrelated to low energy 7=.
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Pull study recap

normalisations (PO template (N/¢"€)
observations (;\rrﬂl”“-nﬂf“ Jaes | mean £ 0.0503 + 0.1 | std.dev : 1.13 Heee | mean : 0.128 0.1 | ste.dev : 1.0
in

e Mo o -
/

energy slices  regions  processes

~057)

Number of entries (bin width:

> original presentation

1 o i 2

> Fit uses HistFactory likelihood to predict .
normalisation for each exclusive process in Data e R L e ————

0.48)

> 4 exclusive cross sections, so four POls ps for
s € {abs, cex, spip, pip}

> to validate model, pull study was performed

Number of entries (bin width

it _ ,ep
_ Hs — Hs L — g 0 ! 2 3 o
o =t s (5)
Apg abs cex spip pip
mean 005+01 -013+01 -002+£01 0032+01
> found a bias in the pcex pulls, pip distribution stdev 113 104 12 102

has slighyly asymmetric tails


https://indico.fnal.gov/event/63756/contributions/286352/attachments/176142/239202/fit_cross_checks.pdf

Initial method of to calculate pulls

Generate Toy template (10 million events)
Generate 100 toy data samples (1 million events)
run fit for each data samples, calculate pulls

Issue with this method is only one template is used for all data samples, this introduces a slight bias in
the model predictions because the template is sampled from large, but finite statistics.

New method to evaluate pulls

Generate 1 toy template (5 million events) and 1 toy data sample (1 million events)
run fit, calculate pulls
repeat 1000 times

number of experiments increased to reduce statistical fluctuation.
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Comparisons
New old

Jiaps | Mean : -0.0126 + 0.03 | std.dev : 1.06 Heex | mean : 0.0743 0,03 | std.dev : 1.01 Haps | mean : 0.0503 + 0.1] std.dev : 1.13 Heex | mean : -0-126 £ 0.1 | std.dev : 1.04
250- s

0.64)
0.59)

200-

150-

Number of entries (bin width

Number of entries (bin width

1 2 3 ] i 2 3 4 1 s i 2

0 0
Hspp | mean : 0.00423  0.03 | std.dev : 1.01 Upp | mean : -0.0319 + 0.03 | std.dev : 0.956 7 Hop | mean 00324 £ 0.1 | std dev : 1.02
: $
£ 5 S
£ £ - -
spip pip
mean -0013+003 0074+003 0.0042+003 -0.032+0.03 mean 0.05+0.1 -0.13+0.1
stdev 106 101 101 0.956 st.dev 113 104

mean is close to zero in each case, slight bias observations in cex and spip
Uncertainty is 68% or 1o, so in each case, the bias is small, and likely due to statistical fluctuation.
standard deviation of each gaussian is more close to 1

pull distribution have more gaussian shapes 15



with new pull method, biases are much smaller, but cex still has some small bias
Any bias is accounted for by propagating the uncertainty in the model prediction as a systematic.
higher statistics could be ran, but is much more time consuming

Note that the model fitted does not include nuisance parameters (NPs), as NPs naturally skew the fit
results and uncertainties to account for other systematic effects.

only NPs used quantify MC stat Uncertainty in the template

this will increase the fit errors — results in more narrow pull distributions (st.dev decreases)
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Comparisons
With NPs With NPs

Haps | mean : -0.0126 + 0.03 | std.dev : 1.06 Heex | mean : 0.0743 £ 0.03 | std.dev : 1.01 Haps | mean : -0.0142 + 0.03 | std.dev : 0.798 Heex | mean : -0.0494 + 0.02 | std.dev : 0.712
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Hspip | mean : 0.00423 + 0.03 | std.dev : 1.01 Hpip | mean : -0.0319 + 0.03 | std.dev : 0.956 Hspip | mean : 0.0327 + 0.02 | std.dev : 0.782 Hpip | mean : -0.0118 + 0.02 | std.dev : 0.747
_ - a 5 250
3 2 §2s0- E
B s S S
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g g 3 200- B
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Eh g Sas0- £ 150-
g $ g g
g 5 S 100- € 100-
5 5 s 5
z g g so- g so-
E E E E
5 5 5 5
2 2 2 2
- o- R - - - L
2 3 E 1 H
]
abs cex spip pip spip pip
mean -0013+003 0074+003 00042+003 -0.032+003 mean -0014+003 -0049+002 0033+002 -0.012+0.02
st.dev 106 101 101 0.956 st.dev 0798 0.712 0782 0.747

> as expected, st.dev for pulls with NPs are smaller, as uncertainty is now fit + MC stat

» means are not impacted in a significant way, biases only decrease slightly.



Backup
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table of systematics and which methods can be used

Systematic NPs Repeat Data analysis  Toy MC method  Propagate Input

MC stat uncertainty v (implemented) - v - stat err
upstream energy loss - v (implemented) - - +lo fiterr
beam momenta mis-modelling - v (implemented) ? - +1o fiterr
shower energy correction - v (implemented) - - +1o fiterr

track length resolution - v (implemented) ? - +2.6%

beam momentum resolution - v (implemented) ? - +2.5%

theory uncertainty - - V' (redo) - +20%

background subtraction - - - v (redo) +20%

space charge correction

v (run with SCE off)
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Plots

absorption charge exchange

A — £
> plots show the nominal central value 5
measurements and the w0-

XX X

measurements for p; = ¢, 5 I L
X
40- X
> uncertainty is difference in from the % i
nominal measurement: § !
o ygrominal ok o s o ww v e owo mw  Heo oo e s mo o e o o

single pion production pion production

> for a single bin, asymmetric
uncertainties are defined as:

X

) o 3 150 ¥ X 3"
eV if e+ >0, €9 if T < O H X § 1nod

100 X x
if both e* > O or e* < O, then take \
the largest of the two.

KE(MeV) KE (MeV)

21



absorption charge exchange

KE (MeV) Total Datastat Reweightlow Reweight high KE (MeV) Total Datastat Reweightlow Reweight high
1300 023 020 0.07 0.09 1300 029 024 012 0.10
1500 025 021 0.10 0.10 1500 011 0.10 0.04 0.04
1700 038 021 0.25 0.19 1700 016 012 0.08 0.05
1900 060 040 0.35 0.27 1900 141 0.94 0.74 0.75
average 037 026 0.19 0.16 average 049 035 0.24 0.23
single pion production pion production
KE (MeV) Total Datastat Reweightlow Reweight high KE (MeV) Total Datastat Reweightlow Reweight high
1300 020 018 0.06 0.07 1300 018 017 0.03 0.04
1500 010 0.08 0.05 0.04 1500 005 005 0.00 0.01
1700 019 009 0.15 0.07 1700 005 004 0.02 0.02
1900 044 025 0.27 0.24 1900 022 014 0.16 0.00
average 023 015 013 010 average 012 010 0.06 0.02
. €
fractional error = ——— 8
xsnominal

reweighting is the highest in the high 1900 MeV bin, except for pion production.

reweighting systematic is largest in the charge exchange measurement.
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¢ — region, s — process b — energy slice

background subtraction in a region cis

Nep =N2GT = v sSpsi forc #s (9)
a

ve s is the total number of background counts estimated from the fit

Ss is the shape of the background, determined using MC:

Z NMC
Sps = e T (10)
Zc b Nc b,s

shape is subject to the nuclear model uncertainty (20%) of the Geant4 cross selections
propagate this uncertainty through the background subtraction

(ANes )2 = ND7o Z (Sp.or) (Bver o) + %Sb (14 Spe) + 252 a

ZC,b c, b s

nbvc
f=0.2

23



MC stat uncertainty accounts for limited MC statistics used to define templates for the fit, and
response matrices for the unfolding.

MC stat uncertainty in the fit can be accounted for using nuisance parameters ap:

L=-2 H H log(Pois(nc bl Z BsocbAcb,s)) + Gaus(ac p|Vebdc,b)
b ¢ s

Yeb = D5 Ac,b,s — total counts in region ¢, slice b

dc,b = +/¥c,p — Stat uncertainty

currently, pyhf API only supports using Gaussian constraints for MC stat NPs.
For unfolding, uncertainty is quantified by a covariance matrix:

V' = Vpata + Vmc

Vpata — covariance of the unfolded distribution (accounts for prior uncertainties, uncertainty for multiple
unfolding iterations)

Vime — covariance of the migration probability i.e. covariance of response matrix. Expressed as the
poisson covariance in the pyunfold API

diagonal component of V is the uncertainty in the unfolded histogram.
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How to evaluate the MC stat uncertainty?

> run analysis using fit model with NPs fixed in the fit, and without calculating V¢
> uncertainties in xs will be purely due to Data stat uncertainty.

> run analysis with floating mc stat NPs + V¢, uncertainties in xs are Data + MC stat.

2 _ 2 _ 2
€MC stat = €Data stat + MC stat — €Data stat

25



Plots
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absorption
KE (MeV) Total Data stat
1300 038 020
1500 041 021
1700 039 021
1900 071 040
average 047 026
single pion production
KE (MeV) Total Data stat
1300 035 018
1500 016 008
1700 016 009
1900 039 025
average 026 015

MC stat
032
0.35
033
0.58
0.39

MC stat
0.30
014
014
030
0.22

KE (MeV)
1300
1500
1700
1900
average

KE (MeV)
1300
1500
1700
1900
average

charge exchange

Total Data stat
040 024
0.16 0.10
019 012
110 0.94
046 035
pion production
Total Data stat
034 017
o1 0.05
008 004
030 014
0.21 0.10

tables show fractional error in the cross section for Data stat and MC stat.

for cex, Data stat uncertainty is larger, for abs, spip and pip, MC stat is larger

fractional error =

€
xsnominal

MC stat
0.32
0.12
0.15
0.58
0.29

MC stat
0.30
0.10
0.07
0.27
0.18
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fit to upstream loss in MC in bins of reco KE inst

AEMC — KEMC,reco _ KE]{\f/IC,true 4)

upstream inst

from the central values, fit a 2" order
polynomial to obtain an energy dependant
upstream loss correction which is applied to
both Data and MC

AEupstream - AEupstream (KE/r;fsCtoz {pl}) (15)

to evaluate systematic, shift p; by +ep,
uncertainties, re-run the analysis, obtain two
measurements of the cross section xs*

10 error region

line

— it Po: 0,130,013

- X observed i —23e+02%23

X*Indf: 0.41,p: 0.8

éf 20 - =
1600 1700 1EKOEO‘7‘1(’G(M61\9/[))O 2000 2100
Po P1 P2
97433 -0.21£0.03 (8.94+0.9)x10~°
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Plots

> plots show the nominal central value
measurements and the
measurements for p; & ep,

> uncertainty is difference in from the
nominal measurement:
e — xghominal _ ot
>

for a single bin, asymmetric
uncertainties are defined as:

eV if ¢+ >0, €9 if e < O

if both e > 0 or e < O, then take
the largest of the two.
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KE (MeV)
1300
1500
1700
1900
average

KE (MeV)
1300
1500
1700
1900
average

absorption

Total  Data stat
037 022
042 018
036 021
191 163
077 056

single pion production

Total  Data stat
022 020
016  0.09
020 ol

105 038
041 020

Upstream low
0.29

0.30
100
0.40

Upstream low
0.09
0.14
0.98
0.30

Upstream high

0.38

0.10

Upstream high

0.13
011

0.06

fractional error =

dashed points are when et > O or et < O

KE (MeV)  Total

1300 0.68
1500 0.12
1700 0.30
1900 523

average 158

KE (MeV)  Total

1300 0.23
1500 0.10
1700 0.06
1900 0.33

average 018

xsnominal

charge exchange

Data stat
0.27
011
0.14
250
0.75

Upstream low
0.05
0.26
100
0.33

pion production

Data stat
0.20
0.07
0.05
0.16
012

Upstream low
0.08
0.04
0.28
0.10

Upstream high
0.63
0.01
448
128

Upstream high
012

0.03

(16)

uncertainty in the upstream energy loss is largest in the 1900 MeV bin for all measurements

upstream energy correction is largest for the abs and cex measurement.
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fit model can facilitate nuisance parameters to quantify different systematic effects.

if a systematic can be expressed as a fractional error on the number of events, it can be incorporated
into the model.

if we allow more than 1 KE bin in the fit model, systematics which can be expressed as a fractional
error in the interacting KE

benefit:

implementation is simple, adjust model, re-run fit and subsequent steps
adding nuisance parameters can help the model mitigate the effects on the fit results

disadvantages:

higher number of NPs results in fit being underconstrained, resulting in more unstable fitting.
must rerun pull study and normalisation cross checks

Current model has takes 4 observations, and has 8 free parameters (4 POls, 4 NPs), so model is already
underconstrained.

MC stat uncertainty is currently being incorporated using NPs
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analysis performs various corrections by using values extracted from fits

systematic effect on a specific correction can be determined by changing values used to calculate the
correction

example:

upstream energy correction is determined from fit values p;.
fit values have some uncertainty determined by the fit: p; & ¢;

determine uncertainty in upstream energy correction by re-running analysis for p; + ¢;, and p; — ¢;, obtain
high low
0" and o

systematic is (69" — /%) /2
benefits:

no additional changes required to analysis or fit model
does not require rerunning toy studies if the fit results don't impact the region identification

disadvantages:

evaluation of systematics is very simple, does not account for correlations between other effects

magnitude of systematic may to be compatible to the measurement i.e. can't be expressed as a fractional
error
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systematic is evaluated by running multiple pseudo experiments using the toy estimating the effect
some systematic has on the measured cross sections. Uncertainties are then expressed as fractional
errors and applied to the Data MC measurement.

benefits:

Data MC analysis does not need to be re-run at all
multiple systematic effects can be varied simultaneously (handles correlations between effects)

disadvantages:

depending on the number of pseudo experiments, method may be time consuming

not all systematics can be incorporated e.g. upstream energy correction, beam momentum resolution,
selection is not incorporated into the toy.
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cross section model uncertainty is £20%, fit tries to determine normalisation in Data.

using toys, vary true cross section by £20%, keep template fixed and re-run analysis.

uncertainty in normalisation systematic is e = ¢™M€% — glrue,
repeat experiment multiple times, obtain average €

convert € to fractional error, apply to data measurements
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background subtraction uses background shapes from MC, thus, also propagate +20% theory
uncertainty through the background subtraction

For a region ¢’ the background samples are when ¢’ # s’
fit predicts the estimated counts of each process in each region v/ o &+ Aver o
subtract background from Njy; to get Njy o+ in each energy slice i.e. we require shapes of Nj,; o/

Zc NMC

c,b,s’

shape of Nj; for each process is determined fromMC S, o+ = =N
c,b c,b,s!

background subtracted interacting counts in each region is N¢/ , £ AN, , (includes Data stat + MC stat
uncertainty):

NC’,b = N?/(Jgj — Z l/c/75/ = N?,af — Z VC’,S’Sb,S’ (17)
s’ s’
2 (l/ /’ /)2
(ANer p)? = NI+ | (Sper) (Bver ) + WSD,S/Q +Spor)+ 252, (18)
s’ c,b’Ye,b,s!

f=02

not really a systematic, need to propagate
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shower energy is corrected improve pi® mass reconstruction
mass used in 7© selection

correction is:
C(Eshower) = Po In(Eshower — P1) + P2

parameters p;,i € {0, 1,2} obtained from fit, and have uncertainties

vary p; by £1o, re-run analysis with PDSP Data/MC

(19)
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